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Metabolically radiolabeled recombinant proteins were used
to systematically evaluate peptide recoveries from in-gel
trypsin digestion.At least 80% of the labeled tryptic peptides
could be readily extracted from gel bands containing 1 to 10
pmol, and at least 70% could be extracted at 200- to 500-
fmol levels using a recombinant 52-kd protein. Alkylation
before electrophoresis or before trypsin digestion had min-
imal effects on peptide recovery; although alkylation, espe-
cially before gel analysis,may reduce heterogeneity of result-
ing peptides containing cysteines.Comparison of different gel
thicknesses using unminced gel bands suggested that 1.0-
mm gels were optimal. Surprisingly, peptide recoveries from
0.5-mm gels were low and variable, primarily because of
increased diffusion of protein out of thin gels during fixing
and staining.Although 70% to 85% of tryptic peptides could
typically be extracted from gels over a range of conditions
and protein concentrations, further processing of peptide
extracts resulted in substantial additional losses. Even mini-
mal handling resulted in loss of about 10% to 15% of ex-
tracted peptides by adsorption to plastic surfaces.Adsorptive
losses were particularly high, sometimes exceeding 50%, and
variable if extracts were partially dried in a Speedvac to con-
centrate the sample or to remove acetonitrile. High ace-

tonitrile extraction and/or Speedvac concentration appear to
be detrimental, and their elimination simplifies sample han-
dling and automation. SYPRO Ruby Red, a sensitive nonco-
valent fluorescent stain appears to be an attractive alterna-
tive to Coomassie blue for in-gel trypsin digestion. These
results suggest an optimized in-gel trypsin digestion strategy
in which proteins in 1.0-mm-thick gels are stained with Coo-
massie blue or Ruby Red, digested overnight with modified
trypsin, and extracted one or two times with small volumes
of aqueous buffer. It is especially critical that subsequent sur-
face exposure be minimized, and concentration by vacuum
drying should be avoided. (J Biomol Tech 2000;11:74–86)

KEY WORDS: in-gel digestion, protein identification, proteome
analysis, tryptic peptides, peptide adsorption.

Protein characterization tools have steadily evolved
and improved in sensitivity to the point where
the most practical method for isolating the final

protein sample for structural analyses or identification
is usually one-dimensional (1D) or two-dimensional
(2D) polyacrylamide gel electrophoresis (PAGE). In
addition, explosive interest in analyzing the entire pro-
tein component (ie, proteome) of cells and tissues has
further expanded interest in reliable high-sensitivity
identifications of proteins isolated by 2D gels.1–4 Early
reliable methods for characterizing proteins from gels
involved electroblotting the proteins onto either nitro-
cellulose for subsequent tryptic digestion5 or poly-
vinylidene difluoride (PVDF) for direct N-terminal
sequencing.6 Subsequently, methods were developed
for in situ digestion of proteins in Coomassie blue–
stained gels or bound to PVDF membranes,7–10 and
proteolysis of more than 10 pmol of proteins in gels or
on membranes for internal automated sequencing
became fairly routine for most laboratories.11,12

The increased emphasis within the past several
years on identification of proteins at sub-picomole
levels using mass spectrometry–based methods has
shifted in situ proteolysis preferences to in-gel meth-
ods rather than membrane-based methods.13,14 Current
mass spectrometers are capable of identifying proteins
by analysis of proteolytic fragments when low femto-
mole to attomole amounts are introduced into the
instrument. However, the practical sensitivity for iden-
tification of proteins in gels is much less than the mass
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spectrometry sensitivity because only a small portion
of a larger-scale in-gel protease digestion is usually
analyzed. During the past several years, numerous
variations of the original in-gel digestion methods8,10

have been developed by many laboratories, including
miniaturized and automated methods.15,16

Despite the key role of in-gel protease digestion
in most proteome research strategies, the influence of
modifying different steps of the procedure on peptide
yields is poorly understood. Systematic evaluation and
optimization of in-gel digestion using mass spectrom-
etry (MS) as the detection method is complicated by
the fact that MS methods are not intrinsically quanti-
tative and are sensitive to signal suppression by many
contaminants, particularly near the instrument sensi-
tivity limits. Even repetitive analyses performed on a
single-peptide mixture can yield substantial variations
in peptide mass signal strengths and the number of
peptides detected, particularly when matrix-assisted
laser desorption and ionization (MALDI) MS is used.
Hence, modifications of in-gel digestion and sample
processing steps that improve MS signals may repre-
sent either improved peptide yields or simply removal
of suppressive components. More importantly, such
end-point analyses cannot directly indicate peptide
recoveries at individual steps of the procedure.
Although enhancement of MS signals is the ultimate
goal regardless of how it is accomplished, separate
evaluation of peptide yields and contaminant removal
should enable rational selection of the best condi-
tions throughout each step of the overall method.

In this study, we used metabolically radiolabeled
recombinant proteins to systematically evaluate pep-
tide recoveries from in-gel trypsin digestion. Although
our goal is to optimize in-gel digestion at femtomole
levels, we started our evaluation at the 10-pmol level
for several reasons. First, previous studies showed that,
when many laboratories were surveyed, the yields of
tryptic peptides as determined by initial Edman se-
quence yields were typically only 10% to 30% when 
10 to 20 pmol of a protein were present in a gel
band,11,12 suggesting that further optimization at pico-
mole levels may be feasible. Second, the 10-pmol
level served as baseline for comparison with smaller
protein amounts. Losses at each step of the method
were quantitatively evaluated, and the effects of sev-
eral variations, including alkylation, gel thickness, gel
volume, gel type, postextraction processing, and use
of a high-sensitivity fluorescent stain, were evaluated.

MATERIALS AND METHODS

A recombinant 78-kd fusion protein containing a 26-
kd N-terminal GST domain and a 52-kd domain of

human red cell spectrin was expressed in Escherichia
coli as previously described17 with modifications.
Briefly, an overnight culture of GST�18–21 was di-
luted 1:10 into 60-mL cysteine- and methionine-free
minimal media and grown at 30�C. At 1 hour before
induction with 1 mM (final concentration) of iso-
propyl-�-thiogalactopyranoside (optical density 0.5 at
550 nm), 10 mCi Pro-mix L-[35S-cysteine/methionine]
in vivo cell labeling mix (Amersham Pharmacia Bio-
tech) was added to the culture. After induction, the
culture was allowed to grow an additional 3 hours,
and bacteria were collected by centrifugation. The
fusion protein was purified as follows. The cell pellet
was resuspended in 3 mL of lysis buffer, lysed by
sonication at 0�C, and centrifuged. The supernatant
was incubated with reduced glutathione Sepharose 4B
for 1 hour at 4�C; the resin was washed with PBS, the
fusion protein was eluted with G-buffer (50 mM Tris,
10 mM reduced glutathione, 1 mM 2-mercaptoethanol,
1 �g/mL pepstatin, 5 mM EDTA, pH 8.0); a portion of
the sample was digested with thrombin; thrombin
was inactivated by addition of 3 �M phenylmethyl-
sulfonyl fluoride (PMSF); and the digested sample
was concentrated with an Amicon 10-kd MWCO cen-
trifugal concentrator and purified on two analytical
high-performance liquid chromatography (HPLC) gel
filtration columns (TSK G3000 SWXL � G2000SWXL,
7.8 � 300 mm each) in series at 0.8 mL/min in PBS
(10 mM phosphate, 130 mM NaCl, 1 mM EDTA, 0.15
mM PMSF, 1 mM 2-mercaptoethanol, pH 7.4). The
35S-�18–21 protein and 35S-GST protein were sepa-
rately pooled, and the purified radiolabeled proteins
were stored as frozen aliquots before use.

Four gels were typically run at one time using a
single radiolabeled protein aliquot, which was ini-
tially mixed with an equal volume of 2� SDS-PAGE
sample buffer, diluted to 0.5 pmol/�L with 1� sam-
ple buffer, and heated to 37�C for 15 minutes. In most
experiments, further dilutions were then prepared as
needed using 1� sample buffer such that volumes
loaded onto SDS-PAGE gels were between 4 and 20
�L to minimize errors in amounts applied to the gel.
Typically, 8% Tricine18 mini-gels (1.0 � 50 � 85-mm
separation gel) were used. Gels were prepared 24
hours before use and stored at room temperature to
ensure complete polymerization and to allow time
for free radicals to decay. Thioglycolate (0.1 mM) was
added to the top electrode buffer and electrophoresis
was terminated when the bromophenol blue tracking
dye was approximately 5 mm from the bottom of the
gel. In some experiments, samples were alkylated
before SDS-PAGE as follows. The 20� reducing buffer
(500 mM Tris, 10% SDS, 20 mM tris[2-carboxy-
ethyl]phosphine hydrochloride [TCEP-HCl], pH 8.0)
was diluted 20-fold into the sample and incubated for
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10 minutes at 37�C. Then 20� alkylation reagent (100
mM iodoacetamide, pH 8) was added and incubated
for an additional 15 minutes at 37�C. The 5� gel sam-
ple buffer was added, and the sample was incubated
for another 15 minutes at 37�C. Typically, gels were
stained with 0.05% Coomassie blue R250 in 10% acetic
acid and 50% methanol for 1 hour, destained for 2 to
4 hours in a solution containing 10% acetic acid and
15% methanol, and rinsed with water for 1 hour.
Images were acquired using a digital camera (Alpha
Innotech Corp., Alexandria, VA) and samples were
stored at 4�C. Some gels were stained with 50 mL of
SYPRO Ruby Red (Molecular Probes, Eugene, OR)
for 3 to 16 hours and destained in water for 16 to 24
hours; images were acquired with a laser densitome-
ter, and gels were stored at 4�C in the dark.

The consistency of sample loading of replicate
lanes and different amounts was verified by densitom-
etry of stained gels. The amount of protein in the gel
bands was initially determined by amino acid analysis
of several gel bands, and resulting values were corre-
lated with densitometry. Thereafter, concentrations of
new samples were verified by densitometry alone
using identical conditions. These values were typically
about 5% to 15% lower than the concentrations calcu-
lated from absorbances at 280 nm, which was consis-
tent with the apparent purity of the proteins (ie, 85%
to 95% pure). Protein recoveries in gel bands and the
amount of radiolabel covalently associated with these
bands were determined by scintillation counting.
Selected lanes were excised and placed in scintillation
vials; 300 �L of 1 M NaOH was added; and samples
were incubated for 3 hours at 60�C, cooled, and neu-
tralized with 27 �L of concentrated HCl. Then 4 mL of
scintillation fluid was added, and radioactivity was
measured in a scintillation counter.

The basic trypsin digestion method used in this
study is a modification of the method originally de-
scribed by Hellman et al.10 All plastic microfuge tubes
were precleaned by rinsing several times with 0.1% tri-
fluoroacetic acid (TFA) and 50% acetonitrile before
use as digestion or sample tubes. Protein bands were
excised from stained SDS gels using a clean, sharp
scalpel at the margin of detectable stain and trans-
ferred to 500-�L microfuge tubes. The gel volume was
measured; bands were destained two times using 200
�L of 200 mM ammonium bicarbonate and 50% ace-
tonitrile for 45 minutes at 37�C; and gel pieces were
dried using a Speedvac. In some experiments, samples
were alkylated before trypsin digestion as follows: 100
�L of 2 mM TCEP in 25 mM ammonium bicarbonate
(pH 8.0) was added to the dried gel and incubated for
15 minutes at 37�C with agitation; the supernatant was
then removed; 100 �L of 20 mM iodoacetamide in 25
mM ammonium bicarbonate (pH 8.0) was added and

incubated for 30 minutes at 37�C in the dark; the
supernatant was then discarded; the gel band was
washed three times with 200 �L of 25 mM ammonium
bicarbonate for 15 minutes, each with agitation; and
gel bands were dried in a Speedvac. Dried gel bands
with or without prior alkylation were rehydrated with
20 �L, or 1.5 times the gel volume if greater than 20
�L, of 0.02 �g/�L Promega-modified trypsin in 40 mM
ammonium bicarbonate with 10% acetonitrile (pH 8.1)
for 1 hour at room temperature. An additional 50 �L
of 40 mM ammonium bicarbonate and 10% acetonitrile
was then added, and digestion was continued for 16
to 18 hours at 37�C with agitation. After incubation, the
supernatant was removed (extract 1). Another 50 �L of
0.1% TFA was added and incubated for 45 minutes at
37�C with agitation, and the supernatant was removed
(extract 2). Another extraction was performed using
the same conditions (extract 3).

In most experiments, recoveries and losses at
each step of the digestion process were measured.
Liquid fractions such as destain solution and extracts
were transferred directly to scintillation vials. Solid
surfaces such as pipet tips and microfuge tubes used
for the digestion were extracted two times with 200
�L of 0.1% SDS, and the extracts were combined in a
scintillation vial. Digested gel pieces were hydrolyzed
and counted as described previously for undigested
gel bands.

RESULTS

Selection of Protein Standards and 
Consistency of Peptide Recoveries

A 78-kd recombinant fusion protein was metabolically
radiolabeled to high specific activity on methionines
and cysteines for this study. The use of a metabolically
labeled protein ensured that the counts per minute
(cpm) measured would reflect all molecules in the
sample. This approach was more reliable than the
alternative of mixing cold protein with a tracer amount
of heavily iodinated protein, which could often behave
quite differently because of extensive chemical modi-
fication. The location of a thrombin cleavage site
between the two domains of the fusion protein
allowed the facile isolation of two unrelated proteins
with different characteristics from a single radiolabel-
ing experiment. The 26.2-kd GST moiety has a pre-
dicted pI of 6.1 and 13 radiolabeled residues (9 Met, 4
Cys) in 7 tryptic peptides ranging in mass from 697 to
4059 daltons. This domain was used in some experi-
ments as a representative small protein. The 52-kd
spectrin domain was selected for this study from more
than 30 GST fusion proteins available in the laboratory
for several reasons. Its 51.9-kd mass and pI of 4.7
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places it within the most densely populated region of
most 2D gel patterns for whole-cell extracts, making it
a good mid-range representative protein. More impor-
tantly, the predicted radiolabeled peptides provided an
excellent test group for evaluating in-gel digestions
(Table 1). The N-terminal peptide and the peptide
within one residue of the C-terminus were radiola-
beled, and the remaining seven labeled peptides were
spread throughout the remainder of the protein. This
ensured that good peptide recovery would require
efficient trypsin cleavage of all regions of the protein.
All labeled peptides were larger than 700 daltons, and
9 of 12 labeled residues (6 Cys, 6 Met) were in pep-
tides that were larger than 1500 daltons. This size dis-
tribution covers the optimal range for both peptide
mass measurement and utility for protein identifica-

tion, and the absence of small labeled peptides
avoided any bias for nonrepresentatively easy extrac-
tion that small labeled peptides would have provided.
The predicted HPLC elution positions were distrib-
uted throughout most of the elution range typically
represented by tryptic peptide maps. The tryptic pep-
tides produced by the 52-kd protein were therefore
highly representative of an average protein, and this
protein was used for most experiments.

Typically, sets of four 1.0-mm-thick gels were run
in parallel, starting with a single protein stock solution
that was used for serial dilutions in the presence of
SDS to avoid adsorptive losses. In most experiments,
radioactivity at each step of the trypsin digestion
method was determined by transferring all solutions
directly to scintillation vials, extracting all sample
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T A B L E  1

Predicted Tryptic Peptides Larger than 700 Daltons from the 52-kd Proteina

Residues Monoisotopic Mass HPLC Sequence

389–394 718.37 11.90 EIQAMK
219–224 725.44 14.78 QLPLQK
326–331 773.39 10.43 EQELQK
87–93 815.44 11.47 IEALNEK

169–176 927.53 17.17 LPEITDLK
73–81 1082.54 10.20 VLHEESQNK

317–325 1110.57 17.56 HLSDIIEER
179–188 1124.59 13.35 LISAQHNQSK
362–371 1125.61 22.25 AYFLDGSLLK
236–245 1134.51 16.49 ASALNNWCEK
285–294 1201.64 22.86 CLLELDQQIK
121–131 1215.61 16.91 ADVVEAWIADK
268–278 1272.61 17.90 DHEDFLASLAR
225–235 1304.64 18.96 AEDLFVEFAHK
372–384 1418.69 13.67 ETGTLESQLEANK
201–212 1437.74 20.40 WEQLLEASAVHR
59–72 1529.75 16.67 VQNVCAQGEDILNK
29–44 1622.76 21.42 GDCGDTLAATQSLLMK
45–58 1666.77 15.48 HEALENDFAVHETR

137–153 1718.88 20.07 TNGNGADLGDFLTLLAK
154–168 1764.83 19.20 QDTLDASLQSFQQER
436–450 1862.92 21.75 MQHNLEQQIYPGIHR
400–416 1868.01 24.70 IVDLGDNLEDALILDIK
106–120 1944.89 25.05 LQLEDDYAFQEFNWK
246–263 2097.98 21.44 MEENLSEPVHCVSLNEIR
295–313 2116.12 25.48 ALGVPSSPYTWLTVEVLER
417–435 2252.16 29.10 YSTIGLAQQWDQLYQLGLR

1–22 2657.20 25.53 GSLEYLQFMQNAEEEEAWINEK
339–361 2863.29 29.92 NFEMCQEFEQNASTFLQWILETR

aThe 17 tryptic peptides that are 2 to 6 residues long and less than 700 daltons are not shown because
none of these peptides contains a radiolabeled residue. Peptide masses and HPLC elution times are from
the computer program GPMAW.The 6 cysteines and 6 methionines that are metabolically radiolabeled
are indicated with bold underlined type.



contact surfaces with SDS as described previously, and
hydrolysis of the digested gel. When all counts were
summed for an entire digested sample, the recovered
radioactivity was usually within �5% of the counts
recovered from duplicate undigested bands containing
more than 1 pmol and within �10% of undigested gel
bands containing less than 1 pmol (data not shown).
Because most of these minor variations apparently
reflected pipetting precision while loading samples to
gels, percentage recoveries were reported based on
the summed total of all counts recovered for each sam-
ple when the total recovered counts were within the
above error limits. Exceptions to this approach, which
include experiments in which all possible sources of
losses were not measured, are noted subsequently.

Peptide Recoveries Using Standard 
Trypsin Digestion and Extractions

The results of a representative experiment in which
losses were evaluated at each step using our normal
trypsin digestion and extraction procedure as described

in the Methods section are shown in Figure 1. There
were no substantial differences between 1- and 10-
pmol loads or between bands from Tricine and
NuPAGE gels. In all cases, most of the total radioactiv-
ity was recovered in the first extract (�75%), with
minor amounts in the second extraction and negligible
amounts in the third extraction. Although the total
losses added up to 14% to 20%, losses at any single
step were fairly minor, suggesting that further im-
provements in peptide extraction were unlikely to be
feasible. One important point is that this experiment
was designed to evaluate how effectively peptides
could be extracted. Because these extracts were placed
directly into scintillation vials for accurate quantifica-
tion, subsequent adsorptive losses due to normal
downstream handling are not represented. Hence, the
actual amount of peptides that would be recovered in
an actual protein identification experiment should be
less than the summed extracts shown here because of
subsequent adsorptive losses. Downstream adsorptive
losses of extracted peptides were evaluated in subse-
quent experiments. In addition to potential down-
stream adsorptive losses, about 25% to 50% of the total
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FIGURE 1

Peptide recoveries using the standard trypsin digestion and extractions. Coomassie blue–stained bands of the
52-kd recombinant (10- and 1-pmol loads) were excised from 8% Tricine gels and 4% to 12% NuPAGE gels with
MES-SDS buffer (Invitrogen/NOVEX, Carlsbad, CA), destained, and digested with trypsin. Recoveries were
determined as described in the Methods section.All extractions were transferred directly to scintillation vials
to minimize adsorptive losses.The values for pipet tip represent counts recovered from the single pipet tip used
for transferring the three sequential extracts.The average of at least two samples for each condition and stan-
dard deviations are shown.



losses in the experiment shown in Figure 1 are adsorp-
tive losses (ie, the microfuge tube used for the diges-
tion and the pipet tip used to transfer extracts to scin-
tillation vials). The small but consistent losses in the
destain solution are apparently caused by proteins near
the surface of the gel that initially diffuse out of the gel
before the pores shrink in the 50% acetonitrile, because
most of the radioactivity eluted at this step was recov-
ered in the first of the two washes (data not shown).

Effect of Alkylation on Peptide Recoveries

Most protease digestion protocols recommend alkyl-
ation of the protein before proteolysis to help maintain
a denatured protease-sensitive state and to avoid for-
mation of mixed disulfide bonds, which introduces
undesirable mass and peptide heterogeneity. A recent
study showed that alkylation of protein samples before
SDS-PAGE can minimize partial modification of cys-
teine containing peptides during electrophoresis.19 To
evaluate the effects of alkylation on peptide recoveries
(Fig. 2), a stock solution of the 52-kd recombinant pro-
tein was divided into two parts, and one aliquot was

modified with iodoacetamide before replicate loading
of both aliquots onto a set of gels. In this experiment,
similar amounts of radiolabel were recovered for all
conditions, although there was some variation between
experiments (ie, sometimes alkylated samples showed
slightly higher yields than unalkylated samples).

The effect of alkylation on peptide heterogeneity
was evaluated by separating tryptic peptides from 10-
pmol digestions using reverse-phase HPLC (Fig. 3). In
this experiment, a slightly higher yield of peptides
was observed for the alkylated sample based on
radioactivity, and this increased yield was confirmed
by higher absorbances for most peaks in the alkylated
sample. Surprisingly, there was no noticeable differ-
ence in heterogeneity of peptides that contained cys-
teine because the distribution of radiolabel in the two
chromatographs was very similar. In addition to the
major peaks containing most of the radiolabel, numer-
ous very minor peaks contained low levels of radio-
label, which is indicative of peptide heterogeneity
that is likely to be a combination of incomplete cleav-
ages and other microheterogeneity of the peptides,
including acrylamide modification and oxidation. This
substantial peptide heterogeneity is probably a major
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FIGURE 2

Effect of alkylation on peptide recoveries.The 52-kd protein was excised from 8% Tricine gels stained with
Coomassie blue (10- and 1-pmol loads).The effects of alkylation before gel electrophoresis and alkylation after
gel electrophoresis were compared with parallel samples digested without cysteine modification. Because not
all fractions of the digestion protocol were counted, average cpm/pmol values are reported to aid direct com-
parison of the two protein amounts.The average of at least two samples for each condition and standard devia-
tions are shown.



contributor, together with downstream adsorptive
losses, to the relatively low and variable Edman
sequencing yields typically observed at the 10-pmol
protein level11,12 despite overall highly efficient extrac-
tion of labeled peptides, as indicated previously.

Effects of Gel Thickness and Volume on 
Peptide Recovery

Different thicknesses of gels and different widths of
sample wells were used to produce protein samples
with equal quantities distributed in the gel matrix at
different densities to evaluate the effects of gel volume
on peptide recoveries. As discussed earlier, gel loading
consistency was usually verified within each series of
gels using densitometry and by counting several undi-
gested gel bands. However, densitometry was not nec-
essarily expected to be consistent when different gel
thicknesses were used because of potential variations
in staining efficiency. Representative results from
analysis of undigested bands from several experiments
are shown in Figure 4. Radiolabel recoveries were

consistent at all protein loading amounts when 1.0-mm
gels were used. The increased data scatter at the 1.0-
and 0.5-pmol protein loads probably resulted from
pipetting variations, because in these early experi-
ments all lanes were loaded from a single stock pro-
tein solution at 0.5 pmol/�L. As a result of this
observed variability, serial dilutions of the stock solu-
tion were performed as needed to ensure that no less
than 4 �L was loaded per lane in subsequent experi-
ments. Surprisingly, recoveries from 0.5-mm gels were
lower than from 1.0-mm gels despite use of a single
stock solution for loading these gels.

Peptide recoveries using different gel thicknesses
and volumes are shown in Figure 5. These data are
illustrated using cpm/pmol units, because variable
protein recoveries in gel bands were observed for
different gel thicknesses. The best peptide recoveries
were obtained with 1.0-mm gels. Most of the reduced
yield in the thin gels was apparently caused by
increased losses during staining. Not surprisingly,
more counts were extracted in the second and third
extractions when 1.5-mm-thick, larger-volume bands
were used.
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FIGURE 3

Comparison of HPLC tryptic peptide maps from alkylated and nonalkylated 52-kd recombinant proteins.The
52-kd protein (10 pmol) was alkylated after gel electrophoresis (dashed line) or not modified before in-gel
trypsin digestion (solid line).The entire pooled extract was then injected onto a 2.1 � 150 mm Zorbax 300 SB-
C18 column (Hewlett Packard, Palo Alto, CA) and eluted at 200 �L/min using a 0.1% TFA and acetonitrile gra-
dient. Peaks were collected directly into scintillation vials using an Isco peak separator and FOXY fraction col-
lector.The portion of the chromatograph containing peptide peaks is shown, and peaks containing more than
150 cpm are labeled with asterisks.



RECOVERIES FROM IN-GEL DIGESTIONS

JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 11, ISSUE 2, JUNE 2000 81

FIGURE 4

Reproducibility of gel bands. Replicate undigested gel bands (n 	 2 to 6) from a typical set of gels were
hydrolyzed and counted.

FIGURE 5

Effects of gel thickness and volume on peptide recoveries.Trypsin digestions of replicate bands in different thick-
nesses of gels were performed as described in Figure 1 and the Methods section. Values are reported in
cpm/pmol units rather than percentages because not all possible sources of losses were measured and there
were substantial variations in the amount of protein in bands from the different thicknesses of gels.



Comparison of Different Proteins and Stains

Parallel trypsin digestions were performed on the 52-
kd spectrin domain and 26-kd GST protein to evaluate
whether peptide recoveries observed for the 52-kd
protein were representative of other proteins (Fig. 6).
In addition, the effects of a promising high-sensitivity
noncovalent fluorescent stain, SYPRO Ruby Red,20

were evaluated using both proteins. Total peptide
recoveries were high and essentially identical for all
conditions, and only subtle differences occurred at
several individual steps. For example, the protein
losses during the destaining steps were more than
twice as high for both proteins when Ruby Red was
used. Although these losses remained relatively minor,
higher destain losses were consistently seen in subse-
quent experiments using Ruby Red (data not shown).
This consistent trend apparently reflects less effective
fixation of the proteins in the gel compared with the
Coomassie blue staining procedure, despite our use of
a 1-hour fixation in a solution containing 10% acetic
acid and 50% methanol. These increased losses sug-
gest that the manufacturers recommendations of either
fixation as optional or use of mild fixation conditions
when fixation is desired may not be optimal for in-gel
digestion when maximal overall recoveries are desir-

able. Alternatively, perhaps a more rapid gel dehy-
dration step could be used for Ruby Red, because
destaining per se is presumably not needed. In other
experiments, use of Tris-glycine gels, as well as analy-
sis of unstained gel bands located by position relative
to bracketing prestained standards, gave similar results
(data not shown), demonstrating that none of these
parameters (ie, type of gel, gel stain, or protein size)
were detrimental to peptide yields.

Effects of Sample Handling on Adsorptive 
Losses of Extracts

In the experiments described previously, extracts
were transferred directly to scintillation vials to mini-
mize adsorptive losses and accurately represent the
extent of peptide extraction. However, in practice,
the investigator can expect much lower actual yields
because of adsorptive losses associated with down-
stream handling. Several approaches were taken to
assess downstream adsorptive losses. Initially, small
aliquots of each extract were transferred to scintilla-
tion vials, and the remaining volume was measured
and transferred to a microfuge tube, a fraction of the
pooled extracts was counted, and the observed cpm
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FIGURE 6

Comparison of different proteins and stains.Trypsin digestions were performed on 52-kd spectrin domain and
26-kd GST protein bands excised from gels stained with Coomassie blue or SYPRO Ruby Red.Recoveries were
calculated as described in Figure 1 and the Methods section.



were corrected for the proportion analyzed. Compar-
isons of the amount initially extracted and the amount
recovered from the total pool indicated substantial
and variable losses from adsorption at 10 pmol, and
greater losses occurred at lower protein amounts
(data not shown). However, this approach became
somewhat unreliable at 1 pmol and impractical at
lower protein amounts, which represented the
amounts we were most interested in evaluating, be-
cause of low radioactivity levels in small aliquots and
subsequent use of large multipliers to convert to total
radiolabel in the entire sample. In this regard, values
determined for the second and third extractions were
particularly problematic because very little total radio-
label was recovered in these fractions (Figs. 1 and 6).

In several subsequent experiments, an alterna-
tive strategy was used to more reliably measure post-
extraction adsorptive losses over a range of concen-
trations, including femtomole protein amounts. Six
replicate Coomassie blue stained bands at each pro-
tein amount tested were digested and extracted in
parallel using our standard method (see Methods sec-
tion), except 0.1% TFA in 50% acetonitrile was used
for the third extraction instead of 0.1% TFA alone for
one set of two samples. Duplicate samples were then
processed in several alternative downstream handling

strategies (Fig. 7). When extracts were transferred
directly into scintillation vials, the only site where
peptides could be lost was the single pipet tip used
for the transfer, which was about 5% of the total
extracted amount. The sum of these two amounts
(directly transferred extract and transfer pipet tip
wash) was defined as 100% of the total extract for all
samples at that protein amount.

Although the losses to pipet tips in this data set
are not large, two points are worth noting. A single
pipet tip was used for all three extracts of each sam-
ple, although typically the experimenter is more likely
to use a new tip for each transfer, which would fur-
ther increase losses over those estimated here. Also,
the extracts were in contact with the pipet tip for
only a few seconds during the transfer, indicating that
peptide adsorption to plastic is a very fast reaction.

Adsorptive losses increased substantially for all
protein levels when extracted tryptic peptide samples
encountered more realistic sample processing proce-
dures than a single transfer using a single pipet tip.
Minimal practical processing of extracted peptides
from experimental samples is represented by the sec-
ond data series, in which the extracts were pooled,
frozen overnight, thawed, and then counted. This
condition approximates handling of a sample that
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FIGURE 7

Effects of sample handling on adsorptive losses of extracts.The experiments described previously indicated the
total amounts of peptides extracted but did not fully evaluate postextraction losses because extracts were
transferred directly to scintillation vials. In this experiment, losses resulting from various postextraction han-
dling methods are shown.



does not require concentration or removal of organic
solvent (acetonitrile was limited to the 10% aceto-
nitrile in the trypsin digestion buffer and first extract)
before injection onto an HPLC or LC-MS, or applica-
tion to a MALDI MS target.

Another common sample processing strategy is
represented by the third data series in Figure 7. These
samples were processed using a third extraction con-
taining 50% acetonitrile. The sample was then con-
centrated to one third of the original volume in a
Speedvac to partially concentrate the sample and to
remove the acetonitrile. This sample handling method
resulted in the largest losses, which increased with
decreasing protein amounts. Several other experi-
ments using Speedvac drying showed the same trends
as the experiment shown in Figure 7, although the
extent of peptide losses varied in a somewhat unpre-
dictable manner (data not shown). In general, the
greatest peptide losses appeared to occur when sam-
ples were nearly or completely dried as opposed to
reducing the volume by 50% to 75%, although this
trend was not universal. In some experiments, espe-
cially when in-gel alkylation was combined with a
final extraction containing 50% acetonitrile, the total
amount of peptide extracted increased slightly (about
5% to 10%), but these gains were consistently negated
by the increased losses associated with Speedvac
concentration. Overall, losses using Speedvac drying
were usually at least 25% and ranged up to 50% or
more of the total extraction solution, especially for
low-level samples.

DISCUSSION

Our goal in this study was to systematically evaluate
peptide losses and recoveries throughout the in-gel
trypsin digestion process and to use these results to
develop optimized robust in-gel methods that should
improve peptide yields in the currently challenging
mid- to low-femtomole range. Although it is well doc-
umented that peptide yields decline as protein
amounts in the gel decrease,16,21,22 the specific steps
and parameters of in-gel digestions that influence
peptide recoveries at all protein levels, including low
picomole amounts, remain poorly understood.11,12

Current in-gel digestion protocols seem to be
nearly as numerous as the number of laboratories
reporting their use, although most methods still re-
semble the original in-gel digestion methods.7,8,10

However, the relative efficacy of alternative modifica-
tions is usually difficult to assess from published
reports. Indeed, it seems that nearly every permuta-
tion of individual steps has been used by someone
with some success, usually at least at high- or mid-

femtomole levels of protein in the gel and sometimes
at the 100- to 200-fmol level. These permutations
include different gel types, stains, and sizes; mincing
or grinding up the gel slice or leaving the gel piece
intact; high or low trypsin concentrations; alkylation
or no alkylation; different digestion buffers; small
trypsin volumes completely adsorbed by the gel or
larger volumes that immerse the gel; short or
overnight digestion times; variable numbers and vol-
umes of extractions; optional use of high acetonitrile
concentrations to extract peptides; and vacuum con-
centration or drying of samples. Two related reasons
for the proliferation of in-gel digestion methods
appear to be: (1) the relatively nonquantitative nature
of mass analysis methods and (2) their sensitivity to
contaminants that make direct evaluation of improve-
ments in peptide yields difficult and the excellent sen-
sitivity of current instruments that can produce posi-
tive results even when poor or variable peptide yields
occur. Despite this latter advantage, further improve-
ments in peptide yields at limiting levels should lead
to improved practical detection sensitivity under oth-
erwise identical conditions.

The use of two metabolically radiolabeled unre-
lated proteins prepared from a single fusion protein
allowed us to systematically evaluate peptide yields
without the potential complication that labeled and
unlabeled peptides might behave differently, as can
occur with harsh iodination methods. At the 1-to 10-
pmol level, peptide yields that could be extracted and
transferred directly to a scintillation vial were ex-
tremely good, typically 80% to 90% of the amount in
the original gel band. This high yield was essentially
unaffected by alkylation or nonalkylation, gel type
(ie, Tricine, NuPAGE, or Tris-Glycine gels), or stain (ie,
Coomassie blue, Ruby Red, or no stain). In addition,
preliminary experiments at the 100- to 200-fmol level
show that the extractable peptide yields remain high
and are usually more than 70%. These data demon-
strate that further improvements in peptide extraction
are probably not feasible and in any event would not
be very beneficial. The high amount of peptides
recovered in the first extraction indicates that multiple
extractions or high volume extractions (�25 to 50
�L) are of minimal benefit if gel volumes are small
(
5 to 10 mm3). More importantly, it is clear that the
biggest problems are postextraction processing (Fig.
7) and possibly microheterogeneity of some resulting
peptides (Fig. 3).

The potential for peptide adsorption to surfaces is
well recognized, and several strategies have been
advanced to minimize losses, including use of low
levels of detergents22,23 or adsorption of peptides onto
solid matrices.16,24 However, two steps that are com-
mon in many versions of current in-gel digestion
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methods are the use of acetonitrile for peptide
extraction and Speedvac concentration of samples to
remove the acetonitrile or to concentrate the protein.
Our results suggest that the small additional benefit of
improved peptide extraction when acetonitrile extrac-
tions are used is outweighed by increased adsorptive
losses during vacuum drying. An additional concern
is that recoveries using the same protein under simi-
lar conditions varied appreciably within an experi-
ment and more extensively between experiments.
This variability probably largely results from subtle
variations in how peptides dry as thin films on the
sides of the microfuge tubes and the efficiency of
redissolving this invisible film—ie, the composition of
the solvent used and how effectively this small vol-
ume is passed over the region of the tube that con-
tains the dried film of peptides. This interpretation is
supported by the observation that we could slightly
improve recoveries by extensively and carefully pipet-
ting the remaining third of the sample volume over
the entire region of the tube that contained the origi-
nal volume without spreading the peptides to new
regions of the microfuge tube. Another important con-
sideration is that losses at this step increased markedly
at lower peptide concentrations, suggesting that vac-
uum drying should be avoided when femtomole lev-
els of proteins are being analyzed. The deletion of the
acetonitrile and vacuum drying has the added bene-
fit of simplifying the manual procedure, and their
deletion is particularly advantageous for automating
the in-gel digestion process.

Another potentially important consideration is the
type of gel, the gel thickness, and the gel volume
when gel bands are not minced. Presumably gel
thickness and gel band dimensions would not be a
factor if bands are minced into small pieces (eg, 
1 mm2), as recommended in some methods. How-
ever, use of unminced bands simplifies processing of
large numbers of samples and minimizes the contam-
ination of extracts with minute gel particles. Surpris-
ingly, peptide yields were low when 0.5-mm gels
were used, and this reduced yield appeared to be
largely caused by loss of protein from the gel during
the Coomassie blue fixing and staining step and pos-
sibly destaining of the intact gels. In retrospect,
increased losses from thin gels during staining should
not be surprising because all proteins are initially sat-
urated with SDS and molecules near the gel surface
can freely diffuse out of the gel during the first few
minutes of the staining step before the SDS is disso-
ciated from the proteins. Because different proteins
are likely to release SDS at different rates and small
proteins usually diffuse more rapidly, the use of thin
gels may lead to more variability in sample recovery
at this predigestion stage. Overall, 1.0-mm-thick gels

appear to be ideal if gels are not minced because
recoveries are high, and regardless of the size of the
gel pieces, the maximum distance that trypsin must
diffuse in and peptides must diffuse out is 0.5 mm
(one half of the gel thickness).

Two related factors to gel thickness are gel band
volume and protein density in the gel. The use of
larger gel volumes and 1.5-mm-thick gels in this study
did result in reduced peptide yields compared with
compact bands from 1.0-mm gels, although the basis
for this reduced yield is not clear (Fig. 5). Nonethe-
less, 1.5-mm gels and larger volumes are not optimal
because diffusion out of the gel is less effective dur-
ing the first extraction, necessitating multiple and
larger volume extractions. In addition, preliminary
experiments at lower protein concentrations than
those used here show impaired proteolytic efficiency
(data not shown). Reduced enzyme activity at low
concentrations has been previously described as a
major limitation of low level in-gel digestion.16

In summary, there appear to be two major factors
that limit peptide recoveries at femtomole levels,
adsorptive losses of initially extracted peptides and
reduced protease activity at low substrate concentra-
tions.16 The results of this study suggest an optimized
in-gel trypsin digestion strategy in which proteins are
separated on 1.0-mm-thick SDS gels. When 1D gels
are run, the use of mini-gels with narrow wells usu-
ally maximizes protein density in stained bands. In
addition, gradient gels are sometimes useful for sharp-
ening bands, especially if multiple proteins of interest
covering a wide range of molecular weights are to be
separated. Similarly, the second dimension of 2D gels
should optimally be 1.0 mm thick, although the use of
mini-gels is usually not critical because low abun-
dance spots typically have very small diameters even
on full-sized 2D gels. Either 1D or 2D gels can then
be stained with Coomassie blue or the higher-sensi-
tivity Ruby Red stain. Excised gel bands are digested
overnight with modified trypsin and then extracted
one or two times with small volumes of aqueous
buffer. It is most critical to minimize subsequent han-
dling steps and exposure to plastic surfaces, and con-
centration by vacuum drying should be avoided. Fur-
ther studies are pursuing the effects of different
extraction volumes and strategies and alternative
high-sensitivity stains on peptide yields and peptide
mass determination.
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